This chapter explores the state of the art in existing climate change risk, vulnerability, and adaptation assessment tools, with a focus on web-based tools. It then details the development and application of two online decision support tools created for climate change adaptation planning in cities -a Risk and Vulnerability Assessment Tool and Surface Temperature and Runoff (STAR) Tools. Both are freely available web-GIS tools that can be used to inform policy, strategy, and development. The Risk and Vulnerability Assessment Tool, developed through a collaborative and iterative process, follows the principles of an online public participation GIS. The Assessment Tool delivers GIS data and analysis functions online, widening the possibilities for participation in climate change adaptation planning. The STAR Tools enable assessment of the impacts of climate change on temperature and runoff in a specified urban area and evaluate the potential of green infrastructure as a climate change adaptation response. The STAR Tools can be used to develop "what if" scenarios, to illustrate how changes resulting from different land surface cover and climate change scenarios can impact upon local surface temperatures and runoff. The chapter presents the lessons learned from the development and application of these tools in municipalities across Europe and discusses key challenges for developing such tools to aid effective climate change adaptation planning in cities.
Introduction
Climate change, causing temperatures and sea levels to rise and an increase in the frequency and intensity of extreme events such as heat waves, droughts, heavy rainfall, and storm, presents risks to human and natural systems (IPCC 2014) . The IPCC assessment reports confirm that climate change should be addressed by both mitigating the greenhouse gas emissions that are causing global warming and adapting societies to a new climate context to enhance resilience to current and future climate hazards (IPCC 2013 (IPCC , 2014 . While mitigation actions have been acknowledged as essential for some time, adaptation has more recently emerged as a central area in climate change research, in country-level planning, and in the implementation of climate change strategies (IPCC 2014) .
Since around 50 % of the world's population is now urban and with further growth anticipated within cities in developing countries, increasing concern is being raised about the potential impacts of climate change on urban environments and their growing populations and valuable assets. The assessment of climate change risk can help with improving the resilience of urban areas to present climate hazards in addition to providing information to guide adaptation strategies necessary for reducing future risks associated with climate change impacts.
Risk can be conceptualized through a framework comprising hazard, vulnerability, and exposure (Crichton 2001) . Thus, the assessment of climate change risks can be undertaken through detailed understanding the three components -hazard, vulnerability, and exposure -where:
• Hazard is defined as the extent, severity, and probability of the climatic hazard of interest (such as a heat wave or flood event).
• Exposure refers to the degree to which elements at risk (such as people or infrastructure) may come into contact with the hazard of interest.
• Vulnerability is defined as the susceptibility to damage of the elements at risk (such as people or infrastructure) to a particular hazard at a particular intensity (as determined by the degree of exposure which could occur) (Lindley et al. 2006) .
Risk assessment with the use of the hazard-exposure-vulnerability framework is useful because it enables consideration of the inherent vulnerability of elements at risk such as infrastructure or populations, rather than focusing on impacts only (Lindley et al. 2006) . Identifying where vulnerability is high is central to targeting locations which require climate change adaptation strategies. Adaptation strategies act to reduce vulnerability by lowering exposure and increasing resilience of elements at risk to climate hazards. Thus, where vulnerability is reduced, the risk associated with impacts of climate hazards is significantly reduced (Lindley et al. 2006) .
Appropriate data, knowledge, and information are vitally important to enable the assessment of climate change-related risks and a prerequisite to identifying city-scale adaptation responses. Spatial data and information in particular can provide the knowledge needed to identify context-specific vulnerability, thereby enabling spatially targeted assessments of risk and implementing appropriate adaptation responses across cities. A web-GIS (or Internet GIS) approach enables delivery of GIS data and analysis functions on the Web through the Internet (Peng 2001) . Web-GIS tools therefore enable spatial information to be integrated and readily accessible to a wide range of stakeholders, creating a participatory environment and facilitating collaboration in climate change adaptation planning.
This chapter focuses on the development and application of two web-GIS tools to aid climate change adaptation planning, produced as part of the GRaBS Project (see section "The GRaBS Project"). A review of the state of the art in existing online vulnerability, risk, and climate adaptation decision tools was undertaken before the development of the GRaBS Tools began. This review is presented in section "Review of Online Tools for Climate Change Vulnerability, Risk, and Adaptation Assessment." Sections "The GRaBS Climate Change Risk and Vulnerability Assessment Tool" and "The Surface Temperature and Runoff (STAR) Tools" discuss the development and application of the two GRaBS Tools created. Section "Conclusions: Lessons Learned and Key Challenges" concludes the chapter with a discussion of the lessons learned and key challenges for developing and implementing such tools for climate change adaptation planning in cities.
The GRaBS Project
The Green and Blue Space Adaptation for Urban Areas and Eco Towns (GRaBS) project (2008) (2009) (2010) (2011) was a network of 14 leading pan-European organizations involved in integrating climate change adaptation into regional planning and development (Table 1) . A key emphasis of the project was upon much needed exchange of knowledge and experience and the actual transfer of good practice on climate change adaptation strategies to local and regional authorities. The ten European municipalities involved represented a broad spectrum of authorities and climate change challenges, all with varying degrees of strategic policy and experience. These authorities were required to develop Adaptation Action Plans (AAPs) -documents to help guide adaptation decisionmaking within their organizations. The AAPs were informed by exchanges of knowledge and experience, together with evidence tools delivered by the research institutions to support policymaking, which included a database of case studies and online climate change risk and vulnerability assessment tools.
Review of Online Tools for Climate Change Vulnerability, Risk, and Adaptation Assessment
Prior to designing a web-based GIS tool for urban climate change adaptation assessment, a review was undertaken in 2009 to explore existing vulnerability, risk, and adaptation assessment tools. This review has been updated here to include some more recent examples of tools. A "tool" was interpreted as anything which identified itself as such within the broad climate and adaptation field, found through literature search terms and selected online search engines. Although tools are emerging which attempt to integrate mitigation and adaptation goals, tools focused on mitigation tend not to include strong adaptation elements.
There are widely different views on what constitutes a tool for vulnerability and risk assessment and for risk management in relation to climate adaptation. Certain key criteria used in past reviews were applied here in order to ensure that similar tools were assessed. A review conducted for the United Nations Framework Convention on Climate Change (UNFCCC) refined the definition of an Garg et al. (2007) apply broader criteria and definitions to adaptation decision tools, allowing inclusion of the most recent developments in adaptation decision tools. For example, Garg et al. (2007) considered tools which tackle both risk and adaptation themes in keeping with the IPCC's definition of vulnerability: "the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change, including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate of climate variation to which a system is exposed, its sensitivity, and its adaptive capacity" (IPCC 2007, p. 883) . Garg et al. (2007) analyzed the specific aims and requirements of climate change-related decision support tools for the US Global Change Research Program. The analysis revealed that three core elements were required, as follows:
• Climate change policy development should be supported by providing mechanisms through which methods can be evaluated (such as scenario evaluations, integrated analyses, and alternative analytical approaches). These methods should be demonstrated using case studies.
• Successful climate change adaptive management and planning requires the development of information and other resources. Resources need to be clearly transferred from a research-based environment to an operational environment.
• Assistance is required to help stakeholders prepare appropriate scientific assessments and summaries of information to be used within the decision-making process and as a means to inform other relevant stakeholders as well as the media and the general public. In this context, the IPCC (2007) Fourth Assessment Report indicates that assessments need to be consistent, comparable, and transparent, allow integration, and represent reality as accurately as possible.
Given the huge variation in types of tools which could now be considered a form of climate change vulnerability and risk assessment tool, this review attempts a broad categorization of tools and provides indicative examples of each. Tools can be grouped into five key types. A brief introduction to each of these types is presented below, together with a number of exemplars of each type. It is notable that some tools may cut across one or more of these groups (Garg et al. 2007 ). Integrated Assessment Models are designed to look at a range of impacts and feedbacks in related sectors. However, no models directly dealing with urban climate risk and adaptation themes were found during the research for this review.
The five key groups of tools are as follows:
1. Risk and adaptation decision-making frameworks (process orientated): These tools are guidelines to completing risk assessments for the purposes of risk management: they do not actually provide the means to conduct risk assessments themselves. These tools guide users through the decisionmaking framework by using the questions that decision-makers would want to have answered as prompts and provide links to other sources to assist with collecting data to answer questions. Table 2 ). The World Bank Portal includes additional tools for visualizing climate data, specifically the Climate Mapper (also a tool in its own right due to not being fully integrated within the host website).
Other portals are much more independent from the tools to which they link, as is the case with the Adaptation Learning Mechanism (ALM) as the tools here are provided as links in a separate resource area. 3. General vulnerability, risk, or impact assessment techniques and approaches which can be applied to climate change risk and adaptation assessment: These are more generic methods, including cost-benefit analysis, expert judgment, and scenario analysis (Willows and Connell 2003; Stratus Consulting Inc 1999) . Additional tools useful to spatial planners include identifying constraint (or sieve mapping), tipping points/threshold analysis, high-level risk assessments, and decision pathway tools (ESPACE 2008) . For vulnerability assessment a range of indicators, methods, and datasets have been produced, for example, the Social Vulnerability Index for the USA (SoVI). Individual computer-based tools usually incorporate one or more of these approaches, e.g., cost-benefit in addition to other assessment elements. 4. High-level or screening models where new data are created based on input datasets from one or more offline models: These would usually provide functionality to allow data to be manipulated and analyzed to provide new information which may be in real time. Examples include the Climate Wizard (Table 2) . Given the challenges for hosting very complex tools on the Internet, online tools are usually of this form rather than very detailed models. These high-level models tend to be at national or regional level, with data at relatively coarse scale. Examples include the MIST tool (Table 2) . There are few screening tools available below city scale. 5. Detailed models (usually for individual risk themes or sectors) which require considerable data and resource input and often a high level of technical competence: Such sophisticated models take a long time to run and are therefore less suited to online deployment, though they may run on intranet sites. An example is the Met Office PRECIS tool, a scaled-down climate model which takes days or months to process simulations. These tools have an important role to play, since once processing has completed offline, data outputs can be integrated into high-level models or portals. The AUSSSM and ENVI-met are detailed models for understanding urban heat island mitigation options.
Recommendations for a New Climate Adaptation Decision-Making Tool Scholze and Wahl (2009) analyzed the Strengths, Weaknesses, Opportunities, and Threats (SWOT) of existing adaptation decision-making tools (Table 3) , which are particularly valuable to reflect upon before developing a new tool, both to establish technical and functional requirements and to assist with developing the general "look and feel" of the tool. The opportunities highlighted in Table 3 , including awareness raising, stakeholder interest to use and apply, customization to local settings, and developing a toolbox of all tools, are useful ideas to progress. Identified threats to be avoided include the challenge of making tools sufficiently reliable yet easy to use for a wide audience. Further, while online tools enhance access to evidence to support climate change adaptation and decision-making, a key weakness identified is the dependence on good Internet connectivity. Internet connection speeds and coverage have greatly improved in the last 20 years. However, detailed climate change information may by necessity be data intensive, and therefore models over the Internet may be prone to slow down. Drawing upon this SWOT analysis, recommendations for new tools include to place the tool within a clear risk management and adaptation assessment framework/process, to house the tool within a website which acts as a data/tool portal, to ensure that terminology is clear and full documentation is provided for users, to ensure that the functions include those provided in existing tools, and to consider the possibility of a data upload element in the tool.
This review identified that there was no existing tool specifically for vulnerability assessment and that there was scarcity of tools specifically focused on cities and associated themes of interest. Furthermore, the use of a web-GIS approach is an accepted format for the development of tools in climate change adaptation planning. A web-GIS (or Internet GIS) approach enables delivery of GIS data and analysis functions on the Web through the Internet (Peng 2001) . Spatial representations are important in the planning process, and web-GIS can enhance the traditional planning process through its interactive map exploration features (Dragicevic and Balram 2004) . Dragicevic (2004) identifies three main ways that web-based GIS has enhanced the open use of GIS: spatial data access and dissemination; spatial data exploration and geovisualization; and, spatial data processing, analysis, and modeling. Web-GIS can effectively support the task of integrating data from disparate sources, making these available through the whole planning process, thereby enabling open and transparent decision-making (Dragicevic and Balram 2004 ).
The GRaBS Climate Change Risk and Vulnerability Assessment Tool
The GRaBS Climate Change Risk and Vulnerability Assessment Tool (hereafter, Assessment Tool) follows the principles of an online Public Participation GIS (Kingston et al 2000; Kingston 2007 ). The main aim was to develop web-based Geographical Information Systems (GIS) to enhance public involvement and participation in environmental planning and decision-making. These systems are referred to as PPGIS and are a form of Planning Support System. The main objective is based on the belief that by providing all stakeholders, including citizens, with access to information and data in the form of maps and visualizations, they can make better informed decisions about the natural and built environment around them.
Development of the GRaBS Assessment Tool
Development of the Assessment Tool followed an explicit methodology (Fig. 1) . Following the review of existing state-of-the-art risk and adaptation tools, the project team embarked on a collaborative process of tool development with all the GRaBS partners (Table 1) , in order to shape the exact form and function of the final Assessment Tool (Fig. 1 ). This process involved using Checkland's (1999) soft systems methodology to inform system development. Firstly, a user Fig. 1 The GRaBS Risk and Vulnerability Assessment Tool development process (Cavan and Kingston 2012) Handbook 2014 needs and requirements analysis of all partners was carried out via an online questionnaire to inform the writing of the functional specification which fed into the building of the beta version of the tools. This was piloted at a user workshop to test functionality and usability. Feedback from this workshop then led to numerous refinements to the tool followed by further user testing and refinement before the tools were fully deployed. This process is reported in detail in Cavan and Kingston (2012) .
The nature of the GRaBS project with a pan-European user-base meant that the tool had to be built using a common map base for all partners. Using Google Maps' Application Programming Interface (API) which is free, generic, highly customizable, and probably, most importantly from a user perspective, very simple to use and navigate, meant that a single generic tool could be built for all partners. The GIS data is served over the top of Google Maps using MapServer, which converts proprietary spatial GIS data into an image format (in this case png) which speeds up the map rendering process for the user. This also means that the user of the Assessment Tool does not have access to the source GIS data, overcoming data access restrictions which might apply to some of the datasets depending upon their source of origin. The tool can therefore be categorized as a high-level or screening tool because the data used in the model is processed offline and the tool does not involve real-time processing of models (Scholze and Wahl 2009).
The Assessment Tool adopts a spatial screening risk assessment framework (Lindley et al. 2006 (Lindley et al. , 2007 , whereby an explicit set of spatial data layers are created in order to represent each component of risk (including separate layers representing hazard, vulnerability, and exposure). GIS overlay is used to represent the spatial coincidence that would be required in order for risk to be realized at a particular location. Thus, the online Assessment Tool presents climate change risks and vulnerabilities at a range of spatial scales from EU-wide to the neighborhood. The Assessment Tool allows decision-makers to overlay different raster, point, and polygon data layers to visually assess their spatial relationships and examine appropriate attribute information (Fig. 2b) . For example, the user can investigate the spatial incidence of flood hazard, together with the distribution of vulnerable people, social and critical infrastructure.
There are over 350 different spatial layers in the Assessment Tool, with 32 EU-wide layers, and individual partner level data ranging from 7 to over 60 layers. This includes geospatial data from the following categories:
• Green and blue space, e.g., parks, public open space, rivers, canals, and lakes • Vulnerability indicator, e.g., people aged over 75 years, people living on a low income • Social infrastructure, e.g., schools, hospitals, fire stations, and public buildings • Civil infrastructure, e.g., power stations, water treatment works, and railway stations • Hazard, e.g. river, surface water, and sewer flood risk areas • Vulnerability index, e.g., people vulnerable to flooding and high temperatures • Population structure, e.g., population density and deprivation • Urban development, e.g., building types and residential areas
The variability in the amount of local level data reflects both the extent to which different municipalities have been collecting relevant geospatial data and their ability to work across departmental boundaries to obtain necessary information. Additionally, qualitative information provided in hundreds of data notes offers important background information on the issues of climate change, vulnerability, and adaptation, including an explanation of key terms and why each layer may be important to consider in climate change adaptation planning. A summary of the key elements and functions of the Assessment Tool is provided in Fig. 3 . 
User guidance included the creation of three storylines or use cases (Cockburn 2000) , which offer typical examples of how an individual or organization might use the Assessment Tool to support climate change adaptation policy and decision-making within their organization.
Application of the Risk and Vulnerability Assessment Tool Across Europe
Adaptation Action Plans (AAPs) were the key output of the GRaBS project from 11 of the partners -the municipal or regional planning authorities and partners that provide a planning support function. The AAPs were developed via a six-stage cyclical process, as follows:
1. Baseline review and process launch 2. Raise awareness and explore adaptation responses 3. Agree high-level aim and objectives 4. Agree delivery program 5. Implementation and monitoring 6. Evaluation and reporting
The AAPs represent a potentially significant influence over adaptation issues in the areas that they cover and support the partner urban areas and regions in developing responses to climate change and extreme weather. The key role of the Assessment Tool in supporting the GRaBS AAPs was identified through better understanding the connections between the Assessment Tool and three interlinked issues -the objectives of AAP development, the stages of AAP development, and the generic barriers constraining effective adaptation ; Fig. 4 ). Taking these issues collectively, the Assessment Tool was identified as able to support adaptation planning and decisionmaking in four key areas: (1) raising awareness of climate change impacts and adaptation responses, (2) encouraging participation in adaptation planning, (3) enhancing data availability and use, and (4) supporting decision-making. A questionnaire sent to GRaBS partners (Table 1) in January 2011 allowed an evaluation of how the Assessment Tool had been applied, the identification of lessons learned, and suggestions for future development. The following sections present an analysis of this information in the context of the key areas identified above.
Raising Awareness of Climate Change Impacts and Adaptation Responses
Raising awareness of climate change is an important early stage in the process of developing adaptation responses and can help to improve the adaptive capacity of individuals and stakeholders who have an important role in responding to associated impacts ).
The Assessment Tool was an excellent means of raising awareness of climate hazards and vulnerability among the public and decision-makers and a way to visualize "what can happen and what we need to take action on" (Cavan and Kingston 2012, p. 265) . The Assessment Tool was demonstrated at many awareness raising events held for both internal and external stakeholders focused upon climate change impacts and local adaptation responses. A common structure to these events involved providing an introduction to climate change adaptation issues, the GRaBS project and Assessment Tool, a live demonstration of the Assessment Tool, and/or hands-on workshop session, questions, and discussion. The feedback from workshops was positive, with an emphasis on its user-friendly interface and useful spatial and contextual information provided in data notes.
It was noted that specific discussion at awareness-raising events depended upon the audience. When the Assessment Tool was presented to the public or private sector stakeholders with greater adaptation expertise, discussions often stimulated more questions than answers, for example: • Regarding the capability (or limitations) of the Assessment Tool • How to plan for future scenarios • Its transferability to local authorities beyond the GRaBS partnership and the accessibility of relevant data • Its principle use for awareness raising among local councilors or communities • Conflicts with existing GIS tools in terms of building an evidence base for planning
Encouraging Participation in Adaptation Planning
Developing adaptation responses in urban areas is complex due to the ubiquitous nature of climate change impacts occurring across different sectors and spatial scales. Bringing stakeholders together in stakeholder workshops and community events can facilitate establishment of collaborative networks and generate consensus and a shared vision toward adaptation issues and responses, which will enhance the effectiveness of the AAP implementation process.
The Assessment Tool was valuable in encouraging participation in adaptation planning at stakeholder workshops and community events. For example, the London Borough of Sutton held a stakeholder workshop which incorporated a practical computer session for around 35 participants, including representatives of statutory bodies such as the Environment Agency, Natural England, and utilities (e.g., Thames Water), in addition to officers from a range of local authority departments. After an introduction to the GRaBS project, a hands-on workshop session enabled participants to explore the Assessment Tool. The discussion and feedback sessions were particularly valuable for the development of Sutton's "Community Map" (see section "Enhancing Data Availability and Use").
The Northwest England partner (NWDA and Community Forest Northwest) connected the Assessment Tool to other resources and tools aimed at encouraging participation in adaptation planning. The Community Forest Northwest website "Green Infrastructure to Combat Climate Change" 1 includes a wealth of resources developed through the GRaBS project including action guidance, an evidence base, an evidence report, and a link to the Assessment Tool. Specifically, the Community Forest Northwest encouraged stakeholders and community groups to apply the Assessment Tool through two key mechanisms:
• The "Framework for Action" -an action guidance document that can be used to aid issues concerning policy development and delivery.
• "Community Adaptation Training" -whereby the Assessment Tool is provided as one activity for community groups in the training materials. The training is intended for use by professionals with community groups to engage them on the need for climate change adaptation and/or how their local green infrastructure helps to adapt their neighborhood to climate change.
Enhancing Data Availability and Use
Data availability was highlighted as a key barrier to climate change adaptation planning. The process of developing the Assessment Tool raised significant issues regarding data accessibility and availability within planning authorities, which need addressing if adaptation action is to be delivered successfully. A key function of the Assessment Tool is that it required the collation of spatial data in a consistent format to support adaptation planning. For the Municipality of Kalamaria, a lack of access to relevant data in relation to climate change vulnerability was a pertinent issue, and the AT's role also included identification of the gaps in necessary data:
Awareness raising may be the most important use. The general lack of data on our behalf grabbed the attention of the attendees. . . Vulnerabilities have not been recorded for the climate change impacts at a local level in Greece so there is a need for them for proper estimation of risk.
Using a consistent framework throughout the Assessment Tool added significant value and allowed partners to investigate each other's local datasets, to assist in the development of their own tool. For example, the Amsterdam City District of Nieuw-West revealed that:
We used other partner tools to demonstrate that there are still crucial data layers missing in our tool. By showing the value of these layers we hope that in the future, we can still gather these data and add them to the tool.
The Assessment Tool development process required the collation of data across different departments, thereby facilitating cross-departmental working and awareness raising among local authority staff. A key finding of the project was the need to break down silos between departments in order to gather evidence on the need to act on adaptation and to support adaptation planning.
The development of the Assessment Tool also stimulated GRaBS partners to develop local online GIS tools and portals. This includes the Province of Genoa's ADAPTO Adaptation Action Planning Toolkit, which enables visualization of local indicators for the assessment of the vulnerability of environmental parameters (Provincia di Genova 2013). In addition, the London Borough of Sutton developed their own web-GIS to facilitate community engagement and feedback on climate change and flooding issues at the neighborhood scale. The London Borough of Sutton (2013) online "Community Map" incorporates a comprehensive range of environmental issues relating to the delivery of council services, in addition to adopting the conceptual risk framework and relevant geospatial information from the Assessment Tool.
Supporting Decision-Making
The Assessment Tool supported decision-making in three ways: within Adaptation Action Plans, internal strategies, and through guidance documentation. The role of the Assessment Tool in the GRaBS AAP process differed between partners according to the form and function of the AAP, the stage of the AAP process that the Assessment Tool was applied, and the local information available to each partner . Thus, the application of the Assessment Tool within AAPs also differed between partners, which ranged from explicit inclusion in high-level policy statements and delivery programs to use for gathering material to inform the development of the AAP, e.g., through analysis of the spatial data, to stakeholder workshops and meetings. Within the time frame of the GRaBS project, the Assessment Tool was applied at the first two stages of the AAP process by all of the GRaBS partners responsible for producing AAPs, where stage 1 is a baseline review and process launch and stage 2 is raise awareness and explore adaptation responses (Fig. 4) .
Additionally, the Province of Genoa, Southampton City Council, and London Borough of Sutton incorporated the Assessment Tool into stages 4 and 5 (agree high-level aim and objectives and agree delivery program; Fig. 4 ). For example, Action 4 of the Province of Genoa's high-level policy statement states that Vulnerability to climate change risks, and adaption measures should be evaluated through a reliable, updated and flexible tool, able to answer specific local issues; then, the GRaBS assessment tool should be used both for building programmes and Provincial level, both for delivering green and blue infrastructure projects in homogenous physical contexts. (Provincia di Genova 2011) Priority 4 of Southampton City Council's AAP "we will minimise the impact from flooding for the city" stated that it should implement the Assessment Tool in the Council's delivery program (Fig. 5) . Additionally, Southampton City Council applied the Assessment Tool in internal strategies, specifically, strategic decision-making for climate change adaptation planning:
Handbook It has been used internally by officers, already familiar with climate related risks, to help inform strategy work that is currently underway. In particular, it has been used to test the validity of assumptions about areas of the city that were believed to experience problems.
Suggestions for Future Tool Development
The final part of the questionnaire aimed to gather comments about future tool development, specifically, if there was a future version of the tool, what would users want it to do? Many of the GRaBS partners expressed the desire for the Assessment Tool to include future modeling scenarios, e.g., for land use, development, and climate, over various time horizons, including the "possibility to show a "before and after" situation about climate change adaptation effects in the region," and "the tool should also include the information on vulnerable objects (not only existing ones, but also planned developments)." The flexible spatial screening risk assessment framework adopted does allow assessing scenarios of different adaptation options, by adding new layers representing each component of risk according to potential future changes. However, such scenario development requires significant scientific research to be conducted at case study level before such spatial data layers can be included. The Assessment Tool therefore can at present only deal with current vulnerability to climate change. The Surface Temperature and Runoff (STAR) Tools were later developed to address this limitation and provide some modeling capabilities, which is the focus of the next section.
The Surface Temperature and Runoff (STAR) Tools
There is an increasing body of literature that emphasizes the multifunctional benefits of green infrastructure and its important role in adapting urban areas to climate change through, for example, flood alleviation and temperature regulation (Gill et al. 2007; Bowler et al. 2010) . However, it is important to be able to quantify such benefits in order to illustrate the importance of green infrastructure and to highlight how changes to the built environment at a local level can affect the delivery of important ecosystem services it provides.
The STAR Tools is an online toolkit that enables users to assess the potential of green infrastructure in adapting urban areas to climate change (Fig. 6a) . It includes two modeling tools -a Surface Temperature (ST) and a Surface Runoff (SR) Tool -both of which are underpinned by scientific models (see Gill 2006 for full details):
• Surface Temperature Tool: developed from an urban climate model (Tso et al. 1990 (Tso et al. , 1991 Whitford et al. 2001 ) and produces outputs of maximum surface temperature expected during the two hottest days in summer for a specified study area (98th percentile). Since the mix of different land surfaces (such as proportion of green cover, water, and buildings) is an important determinant of the land surface temperature, these parameters are also accounted for in the model. • Surface Runoff Tool: based upon the US Soil Conservation Service approach (SCS 1972) , this tool outputs the percentage of the rainfall that becomes surface runoff and the volume of the surface runoff for a given amount of daily rainfall. The Surface Runoff Tool thus calculates how much rainfall from a given event will not be converted to surface runoff; this could be because this rainfall is intercepted (e.g., by plants and vegetation), infiltrated (e.g., into the soil), or stored (e.g., on surfaces). The remaining rainfall is converted to surface runoff. Again, the land surface cover type is an important determinant of rainfall runoff and is accounted for in the model, as is soil type.
Handbook of Climate Change Adaptation DOI 10.1007/978-3-642-40455-9_106-1 # Springer-Verlag Berlin Heidelberg 2014
The STAR Tools are applicable for the "neighborhood" scale (recommended between 0.4 ha and 4 km 2 ), though they can be run for more than one neighborhood or study area at a time. The STAR Tools have few input requirements and are straightforward to use. The key benefit of the STAR Tools is that they allow the role of urban vegetation to be explored. This is possible through creating "what if" scenarios for both climate and land surface cover, for example, running the STAR Tools with the "business as usual" or current climate and land surface cover, compared to adding 10 % green cover and comparing the resulting output surface temperature or runoff. If several neighborhoods are run, the results can be mapped using GIS (see sect. ▶ Application of the STAR Tools to inform the Mersey Forest Plan), although this functionality is not available in the tool itself.
The STAR Tools enable assessment of how surface temperatures and runoff may vary under future climate projections and as the proportion of green space is increased or decreased. Thus, it can help to answer important questions such as: given the changing climate, how much greening do we need in particular areas to achieve certain reductions in temperatures or runoff in the future? What impact would a proposed development have upon temperature or runoff at the neighborhood scale? Such information could also be used to set targets for green infrastructure provision within new developments or in existing neighborhoods. In this way, the information could be used to guide policy and strategy development -both urban development and green infrastructure policies. The outputs of the STAR Tools are thus potentially of use to a range of professionals including planners, developers, master planners, local authority officers, NGOs, urban forestry initiatives, and academics.
Developing the STAR Tools
The STAR Tools were developed as an addition to the Assessment Tool, in response to feedback regarding the desire to project future land use scenarios and their potential impact. While the development of the STAR Tools was focused upon North West England (one of the GRaBS case study locations), it was important that users outside of this area could also apply the STAR Tools to investigate the potential of green infrastructure in adapting their specific urban neighborhood to climate change. Therefore, users enter the Tools in two ways (Fig. 6b) . If the study area is located in the UK, users can define their study area(s) on an interactive map, driven by OpenLayers and Ordnance Survey's OpenSpace. All default input values are automatically provided for the Mersey Belt within North West England, including climate projections, land surface cover, and soil data, together with detailed information about data sources and model assumptions. Users also have the option to simply list their study areas. At the next stage, the user is then able to both insert their own input values (including climate projections, land surface cover, and soils) and modify the default model parameter values (set to North West England climate and environment context) to adapt the STAR Tools to their particular case study area. While this option may be more suited to academic or more technical users, it ensures that the STAR Tools can potentially be used for any location, and full guidance is provided regarding the default parameters and model assumptions.
The technical development of the STAR Tools involved representing the two underpinning models as web-based tools. Server side, the processing is carried out in PHP running on an Apache server with MapServer. Spatial processing is carried out using GDAL/OGR and MapScript. Data is stored in a MySQL database. AJAX techniques are used to communicate between the client-and server-side scripts. Web Map Services and Web Feature Services are used to serve spatial data to the front end.
Since the STAR Tools were launched in early 2012, they have had 1,100 unique visitors, with over 200 progressing to the results page.
2 Regarding the origin of users, 64 % of visitors are from the UK, 5 % from the USA, and smaller numbers were from Brazil, Spain, Belgium, and other countries. Information captured by the optional online questionnaire reveal that the STAR Tools have been used by policymakers, researchers, and green infrastructure professionals to guide policy and for academic research purposes.
Liverpool Central, with a maximum surface temperature of 31.7 C, whereas the coolest ward is Tilston in Cheshire West and Chester at 18.3 C. There is a surface temperature difference of 13.4 C between the hottest and coolest wards. These are also the wards with the lowest and highest green cover (Liverpool Central is 16.7 % green, whereas Tilston is 97.7 % green). By the 2050s (at a 50 % probability level), the maximum surface temperature in Liverpool Central increases to 33.9 C (2.2 C hotter than in . Removing green cover from this ward would further exacerbate the situation; if 10 % green cover is removed, then the maximum surface temperature in the 2050s would be 38.5 C (6.8 C hotter than the maximum surface temperature in 1961-1990 with current land cover). However, adding green cover can help to ameliorate the situation; if 10 % green cover is added, then the maximum surface temperature in the 2050s would be 30.6 C (1.1 C cooler than the maximum surface temperature in 1961-1990 with current land cover).
The Surface Temperature Tool output was used to support the argument in The Mersey Forest Plan that increased tree planting will provide shade and evaporative cooling that help keep neighborhoods cooler and ensure that towns and cities continue to be healthy, comfortable, and attractive places to live, work, visit, and invest. The results can also be analyzed further by The Mersey Forest team in order to support ongoing activities in delivering the plan.
Conclusions: Lessons Learned and Key Challenges
The overall aim of the GRaBS project was to enhance local and regional planning policy in respect of climate change adaptation. The Assessment Tool is a useful decision-aiding tool, enabling support of the sharing of knowledge and expertise and helping to build the evidence base available to decision-makers and other stakeholders when developing adaptation plans and strategies. Similarly, the STAR Tools can be used to inform climate adaptation plans, green infrastructure plans and strategies, as well as local plans and developments.
Since planning is an integrative data-driven activity to enable effective decisions (Stillwell et al. 1999 cited in Dragicevic and Balram 2004) , data availability, quality, and scale are key issues. It is notable that the GRaBS Assessment Tool local partner level tools vary in their comprehensiveness to assess risk and vulnerability based upon the existing spatial data that has been collected. The experience of developing the tools has highlighted the need for a common framework to help identify, collect, distribute, share, and prioritize the data that is required to inform the evidence base and enable a more harmonized approach to spatial planning for adaptation to climate change. This would need to be flexible to enable modification to the user's particular location, specifically in terms of context-specific vulnerability and climatic hazards.
The process of developing the Assessment Tool was invaluable for the GRaBS partners, particularly in helping to build bridges between departments (both internally and externally) during collation of spatial data. A key finding of the project was the need to break down silos between departments in order to gather holistic evidence of the need to act on adaptation. A key lesson is the importance to invest in a collaborative development process with the user, not only because the user can benefit significantly from this process, but also to ensure that resulting tools are not donorcentric, and the end product is provided in an accessible format for the intended user.
Generic challenges have been raised previously in relation to applying a PPGIS approach and are applicable to the GRaBS web-GIS tools -firstly, the cost and time involved in maintaining the currency of tools, including updating the spatial data and information. When developed, the STAR Tools included input data for the complete region of North West England; however, the ongoing data license for the soils input data remained too excessive, and this area was thus reduced to the Mersey Belt area. Further, while the importance of ensuring that the development and maintenance of the Assessment Tool continued beyond the GRaBS project was identified at an early stage, a funding stream through which this could be supported was not secured. The Assessment Tool is hosted as an open-source project at the University of Manchester and is available for use in other case study areas by changing the spatial data and associated metadata -although this requires knowledge of the Google Maps' API and JavaScript programming. Further work in the future could investigate how the Assessment Tool could be easily updated and edited by nonspecialists, to keep it up to speed with changing knowledge and the underlying spatial data.
Secondly, restrictions due to license agreements and confidentiality of sensitive data are a challenge to optimize access to information for the public. Free and open-source tools may conflict with the license agreements of many geospatial datasets (both public and private sectors), constraining the amount of data that can be included in the tool, thereby limiting its effectiveness. The Assessment Tool included a function to add data locally, thereby addressing this issue to some extent. The STAR Tools provide a modeling environment and were designed to enable application in any location, relying more upon user input data and thus minimizing the problem of license restrictions.
A third challenge in developing web-GIS tools is balancing the performance with data resolution. The Assessment Tool achieved fast performance by outputting spatial GIS data into an image format to speed up the map rendering process for the user. However, this approach meant that other useful web-GIS functionalities were restricted, such as changing data classifications or color schemes. Balancing user-friendliness with flexibility was also important in the STAR Tools development. Since the STAR Tools are complex scientific models, it was important that casual users were able to produce their outputs without having to consider or understand the full complexities of the model Handbook of Climate Change Adaptation DOI 10.1007/978-3-642-40455-9_106-1 # Springer-Verlag Berlin Heidelberg 2014 while also allowing more comprehensive users to interact with all underlying model parameters if they so desired.
A fourth challenge is providing enough information for the user to be able to apply the tool and interpret the data or output effectively. Detailed notes and guidance materials (including storylines) provided for the GRaBS Tools go some way to aiding this issue, but training events may also be beneficial, both to enhance understanding of the tools and ensure greater application. A more recent review of tools by Climate UK (2012), which included review of the Assessment Tool and STAR Tools, suggested that there is little demand from UK stakeholders for new tools but more demand in terms of awareness raising and use of existing tools, including clear guidance on how the tools can be best applied. As the STAR Tools were released toward the end of the GRaBS project, buy-in from GRaBS partners was limited, and encouraging stakeholders to use the tool is challenging. Despite efforts to publicize the STAR Tools, usage remains low relative to the investment in developing the tools. Creation of a "toolbox of tools" by national and cross-sectoral organizations would therefore be useful to signpost stakeholders to the tools.
A final challenge for web-GIS tools is the fast pace of change in technology. When the Assessment Tool was envisaged, Google Maps was the only viable mapping Application Programming Interface (API). Since then, a number of other APIs, including Bing and OS OpenSpace have arisen, with functionality advancing at an unchecked rate. Additionally, post-GRaBS, a significant change in Web Map Services (WMS) in the UK in particular has occurred, with national organizations shifting to deliver their spatial data via WMS. Linking to the spatial data via WMS means there is no need to keep a local copy of the data that becomes outdated. While challenging, these fast changes are also very encouraging for the development of web-GIS tools and enhancing public participation in planning.
In terms of the future development of tools for climate change adaptation planning in cities, it is clear that the Public Participatory ("PP" in PPGIS) element could be advanced much further. Additional functions for the Assessment Tool such as push pins (to enable highlighting of locations of interest) and comment boxes could be applied to enable a more interactive facility, which could be extremely effective when utilizing the tool for community participation events. Gathering of user experiences and evidence could be particularly beneficial for climate change adaptation planning. For example, crowdsourcing local flooding evidence may be very useful to verify modeled flooding hazard outputs and official flood records utilizing the geo-referencing capabilities within social media applications.
Finally, Climate UK (2012) highlights that the greatest demand from existing tools is to help with prioritizing clear next steps and actions. Many tools, including the Assessment Tool and STAR Tools, are very effective in their ability to raise awareness about climate impacts and the need for adaptation responses, though they do not necessarily aid prioritization of risks and opportunities. This is an area that should be considered in future developments.
